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Abstract: We present a method for selective detection of size-dependent
scattering characterigtics of epithelia cells in vivo based on polarized
illumination and polarization sendtive detection of scattered light. We
illugrate the method using phantoms designed to simulate sguamous
epithelial tissue and progressing to epitheial tissue in vitro and in vivo.
Eladtic light scattering spectroscopy with polarized illumination/detection
dramatically reduces background signals due to both diffuse stroma
scattering and hemoglobin absorption. Resulting spectra can be described
as a linear combination of forward and backscattering components
determined from Mie theory. Nuclear szes and refractive indices extracted
by fitting experimental spectra to this model agree well with previous
measurements. Reflectance spectroscopy with polarized light can provide
quantitative morphological information which could potentially be used for
non-invasive detection of neoplastic changes.
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1. Introduction

Approximately 1,200,000 people will be diagnosed with cancer in 1999 resulting in 563,000
deaths. The majority of these cancers will be of epithelial origin [1]. Early detection of pre-
invasive epithelial neoplasia has the potentia to increase patient survival and improve quality
of life. However, many of the currently available screening and detection techniques for
epithelial pre-cancers do not provide adequate sensitivity and specificity; furthermore, many
screening and detection methods require extensive training to yield adequate clinical results.
Thus, more sensitive and cost-effective screening and diagnostic techniques are needed to
identify curable pre-cancerous lesions.

Pre-cancers are characterized by increased nuclear size, increased nuclear/cytoplasmic
ratio, hyperchromasia and pleomorphism, which currently can only be assessed through
invasive, painful biopsy. Elastic light scattering spectroscopy may provide a non-invasive
tool to assess nuclear morphometry. The wavelength dependence of dastic light scattering is
determined by scatterer sizes and refractive indices. Previous work using suspensions of
polystyrene spheres and Intralipid with optical properties similar to tissue has shown that the
Sizes of scattering particles can be estimated from elastic scattering spectra using Mie theory
[2]. Recently this principle was applied to estimate distribution of nuclear size in the
epithelium of the esophagus [3]. In these experiments, tissue was illuminated with
unpolarized light, and the spectrum of reflected light was measured. The reflected light
consisted of both singly scattered light originating from the epithdlial cells as well as a much
stronger multiply scattered component produced in the stroma, which was modulated by
hemoglobin absorption. The contributions of the background were modeled and subtracted
from the experimental reflectance spectra in order to extract the relatively wesk single
scattering produced by epithelial cells. The accuracy of this approach depends strongly on the
ability of the model to describe the scattering and absorption properties of the stromal layer.
Thus, it is highly desirable to develop experimental techniques that would allow the dastic
light scattering of epithelial cellsto be measured directly.

Previous attempts to optically image skin using polarized illumination and detection
suggest that this approach may provide atool to selectively measure the singly scattered light
associated with the epithelium. Reflectance from the skin surface and the light diffusely
scattered by the underlying dermis can be separated when polarized illumination and detection
are used [4, 5]. When skin is illuminated with linearly polarized light and viewed through a
linear polarizer aligned paralle to the polarization of the incident light, surface texture and
details are enhanced. When viewed through a linear polarizer aligned perpendicular to the
polarization of the incident light, blood vessels and pigmented |esions beneath the skin surface
can be seen. In this paper, we explore the use of polarization sensitive light scattering
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spectroscopy to directly measure the size-dependent elastic light scattering from the upper
epithelial layer. We show that this approach can reduce the contributions of multiple
scattering and hemoglobin absorption produced by the stroma. A dmilar approach was
recently tested on tissue phantoms consisting of suspensions of polystyrene spheres and cdll
monolayers placed atop agel containing mixtures of BaSO, and human blood [6].

The propagation of polarized light through tissue and turbid media has been addressed in a
number of recently published works [7-10]. When polarized light penetrates deep into atissue
it ismultiply scattered and, thus, loses its original polarization. A part of this light returns to
the surface producing depolarized multiple scattering and another part is absorbed by
hemoglobin giving rise to characteristic valleys at 420, 540 and 580 nm. In contrast, light
which undergoes a few scattering events in the upper epithelial layer preserves its
polarization. Here, we measure the wavelength dependence of scattering with polarization
pardle and perpendicular to the polarization of the illumination light. To extract the sze-
dependent characteristics of scatterers, the perpendicular component of scattered light is
subtracted from the parallel one. Mie theory calculations are used to describe the observed
scattering spectra and to estimate the szes of the scatterers.  We examine samples of
progressively increasng complexity beginning with suspensions of polystyrene beads,
progressing to cells, cervical biopsies and finally to in vivo oral cavity mucosa. We show that
polarization sensitive light scattering spectroscopy has potential to provide direct information
about the size distribution of nuclei in vivo.

2. Methods

2.1 Instrumentation
A block diagram of the reflectance spectrometer with polarized illumination/detection is

shown in Figure 1.
Controller ST 121
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Fig. 1. A diagram of spectrometer used for reflectance measurements with polarized
illumination/detection.

Excitation light from a halogen lamp source (Dolan-Jenner Industries) is coupled into a
600 pum core diameter fused silica opticd fiber (NA 0.22, Fiberguide Industries). The light
ddivered by the fiber is collimated, passes through a linear polarizer, and is focused on a
sample by a lens with focal distance f = 60 mm. The scattered light is collected and coupled
into a 250 um core diameter fused silica optica fiber (NA 0.22, Fiberguide Industries) using
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two lenses with f = 40 mm and f = 16 mm, respectively. A linear polarizer-analyzer is placed
between the two lenses to measure the scattered light with polarization perpendicular or
parélld to the polarization of theillumination light. The collected signal isfocused on the 250
pm entrance dlit of a Sngle grating spectrograph (f/3.8, 300 lines'mm grating, Monospec 18,
Jarrel Ash) coupled to an intensified phodiode array detector (IRY-700, Princeton
Ingruments). A PC computer controls data acquisition. All lenses used in the set-up are
plano-convex fused silicalenses. A mercury lamp (ORIEL) was used to provide a wavelength
calibration for the spectrometer. The system’s spectral resolution was measured from the
width of He-Ne 543.5 nm and 632.8 nm lasers and was found to be ca. 5 nm. A constant
angle of 36° was maintained between the excitation and collection aams. The light was
collected from the middle of the illuminated spot on the sample. The polarization of the
excitation light was perpendicular to the plane formed by the excitation and the collection
ams. In other words the illumination light was perpendicular to the scattering plane.
Callection times and powers used are summarized in Table 1.

2.2 Samples

We measured light scattering spectra from samples of progressively increasing complexity
designed to mimic sgquamous epithelid tissue, which consists of multiple layers of epithelial
cells atop a network of stromal collagen. We began by placing either polystyrene spheres or
squamous epithelial cells atop a strongly scattering substrate and progressed to cervical

Table1l. Summary of collection parametersand fitting procedures for samples studied.

Sample Collection Parameters Mie Theory Calculations
(time/power)

Fixed Parameters Parameters Varied*

Polystyrene Beads 40-80 sec/370 pW Diameters of beads, refractive | Only ki, ko and DC
(water/glycerol) indices of beads and solutions
(water and glycerol)

CdlsinBSA 300 sec/370 pW Mean diameter and Refractiveindices of the
digtribution of nuclear sizes nuclei and the surrounding
medium (cytoplasm); ki, ko
and DC for nuclei

Cdlsin PBS 300 sec/370 pW Mean diameters and ki, ko and DC for both the
distributions of nuclear and nuclei and the cytoplasm
cytoplasm sizes; refractive
indices of nuclel, cytoplasm
and the medium (water)

Cdlsin AA 300 sec/370 pW Mean diameter and Refractiveindex of nucle; ka,
distribution of nuclear sizes; k. and DC for nuclei.
refractiveindex of the medium
(cytoplasm)

Cervical Biopsies 200 sec/370 pW Refractive indices of nuclei Mean diameters of nuclei and
and cytoplasm cytoplasm; ki, k, and DC for
both the nuclel and the
cytoplasm

Invivo oral 60 sec/370 pW Refractive indices of nuclei Mean diameter of nuclei; k, k2

mucosa and the medium (cytoplasm) and DC for nuclei

* Coefficients for backward (k,), forward (k) Mie scattering components and DC offset were always varied to
achievethe best fits.
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biopsies, and finadly to in vivo oral mucosa. Polystyrene beads (5 pm and 10 pm diameter)
were purchased from Bangs Laboratories. SiHa cells (cervical epithelial cancer cells) were
kindly provided by Dr. Reuben Lotan from the University of Texas M.D. Anderson Cancer
Center.

Suspensions of 5 um beads in water or glycerol and 10 pm beads in glycerol (100 — 200
pl) were placed atop a diffusdly scattering substrate (SRS-99, Labsphere). The substrate
strongly depolarizes polarized excitation light and mimics the multiple scattering produced in
the stromal layer of epithdial tissue. Glycerol was used to decrease the relative refractive
index of the beads from about 1.2 (water) to 1.08 (glycerol) and to provide a viscous
environment which prevented the beads from settling during the course of the experiment.
The concentration of 5 pm polystyrene beads was chosen so that the beads would
approximately form a monolayer if they all settled down on the surface of the substrate. The
same concentration (beads per ml of solution) was used in experiments with 10 pm spheres.
To prevent beads from aggregating, 3 mg/ml of bovine serum albumin (BSA) were added to
the water solution.

A monolayer of 5 um beads was also formed atop the same diffusely scattering substrate.
To prepare the monolayer, the stock solution of 5 um beads (10%, w/w) was first diluted in
ethanol by a factor of ca. 40. Then a50 pl drop of the suspension was placed directly on the
surface of the substrate and was alowed to dry. Capillary forces play the major role in
formation of the monolayer. This technique produce large areas of highly packed uniformly
distributed polystyrene spheres. The quality of prepared monolayers was monitored using a
light microscope (Olympus) in reflectance. To measure reflectance spectra in a liquid
environment a drop of water was gently added on the top of the monolayer.

Next, cervical epithdial cells were used in place of polystyrene beads. A cell has two
distinct interfaces that scatter light: a cytoplasmic membrane and a nuclear membrane. Two
approaches were used to characterize the scattering associated with nuclei. First, a high
concentration of bovine serum abumin (BSA) was used to match the refractive index of the
cytoplasm with the refractive index of the surrounding medium [11]. This effectively
eliminates the cytoplasm as an optical interface and allows the scattering of nucle to be
directly assessed. Next, acetic acid (AA) was added to a cell suspension to sdlectively
enhance scattering of nuclei [12]. SiHa cells (cervical epithelial cancer cells) were received in
culture medium and were first washed three timesin PBS buffer. Then they were divided into
three equal aliquots. Cells in each aliquot were allowed to settle and were resuspended in
three different solutions: a pure isotonic PBS buffer, a 20 % (g per 100 ml) BSA in PBS, and a
3 % (v/v) acetic acid in PBS.

Four frozen normal cervical biopsies were obtained from Cooperative Human Tissue
Network (CHTN). Biopsies were thawed in PBS buffer for about 5-15 minutes immediately
before the reflectance measurements. PBS buffer was periodically added to the samples to
keep them from drying during the course of experiments.

A normal volunteer was recruited at the University of Texas at Austin for in vivo
reflectance measurements of oral cavity mucosa. Informed consent was obtained and the
study was reviewed and approved by the Internal Review Board of the University of Texas at
Austin.

2.3 Data Analysis

Reflectance measurements were made from samples consising of suspensions of scatterers
atop the multiply scattering substrate. For each sample, scattered light was measured with
polarization parallel and perpendicular to the polarization of the illumination light. Dark
current was recorded and subtracted from al measured spectra. Then the depolarization ratio
(D) was calculated (Equation 1):

(C) 1999 OSA 20 December 1999/ Vol. 5, No. 13/ OPTICS EXPRESS 306



D(A) - III(A)_ID(A)

LA+ 1) D

where 1,,(A) is the component of the scattered light with polarization paralld to the incident
light and I5(A) is the component with polarization perpendicular to the incident light and A is
the wavelength of the incident light.

Reflectance measurements were also made from the biopsy and the in vivo oral mucosa.
The depolarization ratio can not be directly used to assess the scattering characterigtics of the
epithelial layer in the cervical biopsies and in the in vivo measurements because both the
pardlel and the perpendicular components of the reflectance spectrum have strong
contributions from hemoglobin absorption that dominate the depolarization ratio spectrum.
Ingtead the perpendicular component of light scattered by cervical or oral epithelium was first
subtracted from the parallel component and the result was normalized to the total intensity of
light (the perpendicular plus the paralledl components) collected from a diffuse scattering
substrate alone. The normalization accounts for spectral characteristics of the excitation lamp
and the spectrometer.

2.4 Theoretical Model

To understand the behavior of scatterrers placed atop a diffusely scattering substrate, we first
need to describe the scattering properties of the substrate alone. Our data show that for the
substrate alone, the intensity of light scattered with polarization paralle to the polarization of
the illumination light is about 6% higher than that with polarization in the perpendicular
direction. Thus, although most of the light is depolarized after scattering from the substrate
surface, a small portion of light undergoes single scattering events and preserves the origina
polarization (Figure 2, |eft). Thus, the scattering from the substrate alone can be described by
equations (2 and 3):

Ly s(A) = |O(A)S(A)2_76T+%IQ(A)M(A)2_76T )
Y]
27

Here Io(A) is theintendty of the illumination light, 1,,s(A) and | 5(1) are the light scattered by
the substrate with polarization paralledl and perpendicular to the polarization of the
illumination light, 1) and M(A) are the probabilities of light undergoing single and multiple
scattering, respectively, and A6 is the collection solid angle of our experimental setup. We
assume that light is scattered isotropically in the substrate.  Since all light undergoes
scattering, the sum of S(A) + M(A) must be one;

SA) + M(A)=1 4

s () = S 1AM () ®

When a suspension of scatterers of thickness | is introduced atop the diffusaly scattering
substrate a number of scattering processes can occur (Figure 2, bottom). The illumination
beam is backscattered and forward scattered as it travels through the suspension of scatterers,
preserving its polarization (Figure 2, | and 11). The forward scattered light and the portion of
the illumination light that does not undergo any scattering events reach the substrate where
they undergo single and multiple scattering. The singly scattered light can undergo single
forward scattering events asit travel s back through the suspension of scatterers (Figure 2, 111)
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Fig. 2. Schematic presentation of polarized light scattering from diffusely scattering substrate
alone (top) and from spherical scatterers placed atop the substrate (bottom). Five different
types of scattering events (1-V) can take place and are described in the text.

or reach a detector without undergoing additional scattering events (Figure 2, IV). This
portion of the light is till polarized in the same direction as the polarization of the
illumination light. We assume that only single scattering events are likely in a suspension of
scattering particles. Thisis areasonable assumption, considering that in our experiments the
total amount of scatterersin a suspension corresponds to one monolayer coverage in the case
of polystyrene beads and a few monolayers in the case of cervical cels. Subseguent
scattering events of the multiply scattered light do not change its randomized polarization
(Figure 2, V). Taking into account the above assumptions, the scattered light which preserves
the original polarization, I, can be written as equation (5) where each of the five terms
represents the type of scattering depicted in the same order asin Figure 2:

lis(A) =1,(A)B(A)CI +2—76TIO(/\)F(/\)S(/\)CI(l—Cla(/\))

+A—0|O(/\)S(/\)F(/\)CI (1-Cla(A)) +A—0|O(/\)S(/\)(1—CI0(/\))
21T 2T
1 AB
+> 1M Z=(2-Clo(A) 5
F(A) = IP(/\,H)sianH 6)
A6
B(A) = IP(/\,H)sin ade %
Néb
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where B(/1) and F(A) are the wavelength dependent cross-sections for backward and forward
scattering of light by a single scattering particle, respectively obtained by intergrating the
angular dependent scattering cross-section P(A,6) (equations 6 and 7). The backscattering
cross-section B(A) is calculated for the range of collection angles A6b = 139°-149° degree and
the forward scattering cross-section F(A) is calculated over A& = (-5°)-(5°). Theterm o(A) is
the total scattering cross-section for a single scattering particle, and C is the number of
scatterers per unit volume. Similarly, the scattered light polarized orthogonal to the
illumination polarization, | (A), can be described as equation (8):

o) = S IM ) 25 1-Clo(h) ©

Thus, the depolarization ratio is given by equation (9). We take into account only terms linear
in F(A), B(A) and o(A) because we assume that only single scattering events occur in the top

layer:

2rCl
lis() ~16(A) _ ag B(A) + CIS(A)F (A) + CIS(A)[F(A) = g (A)] + S(A) o
() 1o () 1+ 278 B(A) + CI2S)F () - 0 ()]

The scattering cross-sections of individual particles are much smaller than 1 and in these
experiments the concentrations and pathlengths were small. Even for polystyrene beads in
water, with the largest relative index (nrg= 1.2) of all samples studied, we can approximate:
27Cl
+
A6

1

B(A) +Cl[2S(A)F (1) —o(A)] =1 (10)

Thus, we can rewrite the depolarization ratio as:

IIIB(A) = DB(A) - 27Cl —_
L+ 1 () Y B(A) + CIS(A)F (A) + CIS(A)[F(A) —a(A)] + S(A) 1)

All the scatterers studied here were highly forward scattering, where F/g, so F-o =0. Our
data also show that the term SS(A) does not strongly depend on wavelength and can be
approximated by a constant. Taking this into account, we obtain eguation (12) for the
depolarization ratio of scattererson atop a diffusdly scattering substrate:

lg(A) =g (A) - 2rCl
lig(A)+15(A) A8
=k,B(4) +k,F(1)+DC

B(A) + CIS(A)F(A) + S(A) =
(12)

which isalinear combination of a forward scattering term, a backward scattering term and a
DC offset where F(A) and B(A) are defined in equations (6) and (7).
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2.5 Mie Theory Calculations

Experimental depolarization ratio spectra were fit to a linear combination of forward and
backward scattering terms and a DC offset. Mie theory calculations were used to compute the
forward and backward theoretical scattering spectra in the spectral range exploited in these
studies. To account for the optical system’s finite spectral resolution, computed curves
(scattered intendty vs. wavelength) were convolved with a Gaussian of width equivalent to
the system’s resolution (FWHM=5 nm). Experimental data were then fit to equation (12)
using a standard non-negative least squares agorithm to calculate coefficients for forward
scattering and backscattering, in addition to a DC offset. The best fits were selected as those
with the smallest value of the standard sum of the squared error (SSE). For dl fits the x°
factors (the goodness of the fits) were calculated. The x? factors indicated that there was at
least a 99% chance that the errors were due to random fluctuations [13].

Mie theory calculations were implemented usng MATLAB to provide additiona
flexibility over commercially available Mie software.  MATLAB code was verified by
comparing results to tabulated curves presented by van de Hulst [14]. For each wavelength,
calculations were performed either for a single-sized particle or a Gaussian distribution of
particle szesasnoted. Cdlular constituents were assumed to be non-dispersive.

2.6 Fitting Proceduresfor Cells, Biopsies and In Vivo Measurements

Table 1 summarizes the fitting procedures used for different samples.

Célls. In the case of cdls in BSA and AA it was assumed that nuclei are the main
scatterers and are suspended in a medium with refractive index of cytoplasm. In pure PBS
buffer, a cell was treated as consisting of two independent scatterers: a nucleus in an
environment with refractive index of cytoplasm and a cytoplasm in an environment with
refractive index of water. Thus, depolarization ratio spectra of cellsin BSA and AA solutions
were fit to a linear combination of three components: forward and backward Mie scattering
curves of anucleus and a DC offset. For cells in PBS solution five components were used:
forward and backward Mie scattering terms for both the nucleus and the cytoplasm plusa DC
offset.

Mean diameters of cells and nuclei were estimated usng phase-contrast microscopy. A
Gaussian didtribution of diameters was used in the fitting process, Mie theory was used to
calculate B(A) and F(A) for the measured size distributions at varying refractive indices. For
each combination of Mie theory parameters, a separate least squares fit yielded the
coefficients k;, k;, DC and the standard sum of the squared error (SSE). The best fit was
selected as that with the smallest SSE. First, the best fit was obtained for the depolarization
ratio spectrum of cellsin BSA. To achieve the best fit, the refractive indices were varied in
therange from 1.36 to 1.38 for the surrounding medium and from 1.39 to 1.43 for the nucleus.
In this case the refractive index of the surrounding medium corresponds to the refractive index
of the cytoplasm. Then, the refractive indices which resulted in the best fit were directly
applied to fit the depolarization ratio spectrum of cells in PBS changing only the DC offset
and coefficients for forward and backscattering components of both the nucleus and the
cytoplasm.  The best fit for cels in AA solution was obtained independently varying
refractive index of the nucleus from 1.43 to 1.45.

Biopses and In Vivo Measurements. Refractive indices for the cytoplasm and nucleus
derived from the experiments with cells in BSA and PBS solutions were used to fit the
depolarization ratio spectra of cervical biopsies and in vivo measurements. Here, the mean
diameters of the scatterers were varied to achieve the best fits. A Gaussian distribution of
sizes was used in Mie theory calculations. A standard deviation (A) of nucleus sze
distribution A 001 pm was previoudly reported in morphometric studies which included two
normal sites from cervical epithelium [15]. In a study of cervical epithelial sites with
moderate dysplasia (10 cases studied) it was demonstrated that the standard deviation could
vary from about 1 pm up to ca 4 pm [16]. However, it is known that the deviation of nuclear
Sizes increases in dysplasia [15-17]. Thus, in the present studies of normal cervical biopsies
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and normal oral cavity in vivo we limited our analysis to distributions with only two standard
deviation valuesA = 1 pm and 2 pm to simplify Mie theory cal culations.

3. Resaults
Figure 3 shows the experimental eastic scattering spectra and forward and backward

scattering spectra calculated from Mie theory for 5 pm polystyrene beads in water and
glycerol and 10 um beadsin glyceral.

B

A Unpolarized

A
A ‘AMI‘-\/\ :

Depolarization Ratio‘/N

Forward

I ntensity (a.u.)

Backward

400 500 600 400 500 600 400 500 600

Wavelength (nm)

Fig. 3. Reflectance spectra and forward and backward scattering spectra calculated from Mie
theory for: 5 um polystyrene beads in water (A); 5 um polystyrene beads in glycerol (B); and
10 um polystyrene beads in glycerol (C). Reflectance spectrum obtained using unpolarized
detection is shown in purple; depolarization ratio spectra in black; fits to eguation (12) in
green; forward components of Mie scattering in red; backscattering Mie components in blue.
The theoretical curves are multiplied by coefficients extracted from the least-square algorithm
used to achieve the best fits for the experimental data. Arbitrary DC offsets are added to
theoretical curvesin order to facilitate comparison of al curves on one graph.

First, we compared the spectrum obtained using unpolarized illumination/detection with
the depolarization ratio spectrum for 5 pm beads in water (Figure 3 A, purple and black
curves, respectively). The spectrum obtained with unpolarized light is dominated by a diffuse
background due to multiply scattered light. The depolarization ratios however do show
features predicted by Mie theory for 5 um beads in water aswell asfor 5 um and 10 pm beads
in glycerol (Figure 3, black curves). The depolarization ratio spectra can be adequately
described using a linear combination (Figure 3, green curves) of forward (Figure 3, red
curves) and backward scattering (Figure 3, blue curves) components calculated based on Mie
theory.

When 5 pm polystyrene beads were sdf-assembled in a semi-regular monolayer on the
surface of the substrate a new periodic component was observed (Figure 4). This periodicity
is not described by Mie theory for isolated 5 pm beads in water. The observed periodicity
most likely originates from the light scattered in the gaps between the closaly spaced
polystyrene beads and thus could be related to arrangement of the scatterersin the monolayer.

Figure 5A shows phase-contrast microscopic photographs of cellsin different solvents. In
PBS, both the cytoplasmic membrane and the nucleus can be clearly seen. In BSA, the
cytoplasmic membrane is practically invisible and the contrast of the nuclear membrane is
enhanced. After addition of AA, the nucleus decreases in dze, probably due to partial
dehydration [18] and appears to be much brighter than the surrounding medium, indicating an
increase in relative refractive index. Depolarization ratio spectra for cells in the three
solutions are shown in Figure 5B with relative intensities preserved. In the presence of BSA
(Figure 5B, blue line), scattering from cells is sgnificantly reduced in the red region of the
spectrum. Addition of AA resultsin an overall increase in scattering (Figure 5B, red line).

The depolarization ratio spectrum of cells in BSA was fit toalinear combination of
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Fig. 4. Density dependence of scattering of 5 um polystyrene beads in water: (A) a semi-
regular monolayer of 5 pm polystyrene beads, (B) depolarization ratio spectra of a water
suspension (blue) and of a monolayer of the beads (red).

forward and backward Mie scattering components of nuclei plus a DC offset. The mean
diameter of nuclel was determined by light microscopy (d = 12.8 + 2 pym) and the refractive
indices of the nuclel and the surrounding medium were varied to achieve the best fit. The best
fit was obtained for relative refractive index of nucleus ng = 1.036, and medium refractive
index, which corresponds to the refractive index of the cytoplasm, ny, = 1.374 (Figure 5C,
green curve). The refractive index obtained from the fitting procedure (n,, = 1.374) agrees
wdl with the refractive index of BSA solution used in the experiment (= 1.37).

The refractive indices for nuclei and cytoplasm obtained in the experiments with cdlls in
BSA were directly applied to fit the depolarization ratio spectrum of celsin PBS. The mean
diameters of cdlls (d = 19.0 + 2 pm) and of nuclei (d = 12.8 + 2 um) were determined using
phase-contrast microscopy. The best fit was obtained varying only the coefficients for
forward and backscattering components of both the nucleus and the cytoplasm and a DC
offset value (Figure 5D).

The depolarization ratio spectrum of cellsin AA wasfit to alinear combination of forward
and backward Mie scattering components of nuclei and a DC offset using the mean diameter
of nuclei d = 11.0 + 2 pm. Note that the mean nuclear diameter is smaller than the nuclear
diameter in PBS. The refractive index of the surrounding medium nn, = 1.374 was used and
the reative refractive index of nuclei was varied. The best fit was obtained for relative
refractive index of nucle n,y = 1.05 (Figure 5E).

Figure 6 illustrates the results obtained for a norma cervical biopsy. Strong hemoglobin
absorption is evident in the reflectance spectrum obtained without the polarizer-analyzer in
the collection channd (Figure 6A, top curve). The spectrum is normalized to the
reflectance from a diffuse scattering substrate to account for spectral characteristics of the
excitation lamp and the spectrometer. Both the hemoglobin absorption and the diffuse
background were significantly reduced after the parallel and the perpendicular components of
the biopsy scattering were collected and the depolarization ratio was calculated (Figure 6A,
bottom curve). The resulting scattering profile could be described using Mie theory with the
refractive indices derived from the experiments with cells (refractive index of the surrounding
media n, = 1.33, refractive index of cytoplasm ng; = 1.374, a nucleus-to-cytoplasm relative
refractive index ng = 1.036). It was assumed that both the nucleus and the cytoplasm
independently contributed to the scattering of the epithelium. A Gaussian distribution of sizes
with standard deviation of 2 pum was used and the mean diameters of cytoplasm and nuclei
were varied in Mie theory calculations. The best fit was obtained for the diameter of nucleus
Jnuc = 8.0 pm and the diameter of cytoplasm d.; = 19.0 um (Figure 6B). Note that arbitrary
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Figure 5. Scattering spectra of SiHa cells: (A) phase-contrast photographs of cells in: a pure
PBS buffer (left), BSA/PBS solution that matches the refractive index of the cytoplasm
(middle), and acetic acid/PBS solution (right); (B) reflectance spectra of SiHa cells in the
presence of acetic acid (red), in the PBS buffer (black), and in the presence of high
concentration of BSA (blue). Experimentally measured depolarization ratio spectra and Mie
theory calculations for scattering of: (C) cells in BSA/PBS (measured depolarization ratio
spectrum — black, the best fit to equation (12) — green, forward Mie scattering component of
the nucleus — red, backscattering of the nucleus — blue); (D) cdls in PBS (measured
depolarization ratio spectrum — black, the best fit to eguation (12) — green, forward Mie
scattering component of the cytoplasm — red, backscattering of the cytoplasm — blue, forward
Mie scattering component of the nucleus — purple, backscattering of the nucleus — brown); (E)
cells in acetic acid/PBS (measured depolarization ratio spectrum — black, the best fit to
equation (12) — green, forward Mie scattering component of the nucleus — red, backscattering
of the nucleus— blue). Thetheoretical curves are multiplied by coefficients extracted from the
least-square algorithm used to achieve the bes fits for the experimental data. Arbitrary DC
offsetsare added to theoretical curvesin order to facilitate comparison within one plot.
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Fig. 6. Measured reflectance spectra and Mie calculations for normal cervical biopsy: (A)
reflectance  spectra obtained using unpolarized (blue) and polarized (black)
illumination/detection; (B) depolarization ratio spectrum (black), cal culated fit to equation (12)
(green), forward Mie component of nucleus (red), forward Mie component of cytoplasm
(orange), and backward Mie component of cytoplasm (blue). The theoretical curves are
multiplied by coefficients extracted from the least-square algorithm used to achieve the best
fits for the experimental data. Arbitrary DC offsets are added to theoretical curves in order to
facilitate comparison within one plot.

DC offsets are added to the theoretical curves presented in Fig. 6 B in order to facilitate their
comparison within one plot. It can be seen that the forward Mie component of nucleus closely
resembles the experimental depolarization ratio spectrum. Mie theory calculations showed
that the contribution of the forward Mie scattering from the nucleus is about 8 times higher
relative to the forward component of the cytoplasm. Thus, it can be concluded that the
scattering from the epithdium is mainly determined by the scattering from nuclei. The
backscattering components of both the nucleus and the cytoplasm were found to be flat and
featureless as compare to the forward components. It is important to note that in our model
(see Methods) we assumed that the depolarization ratio of the diffusaly scattering background
from stromal layer is wavelength independent. To confirm this assumption we measured the
depolarization ratio of stromafor anormal cervical biopsy and found that it was spectrally flat
relative to the depolarization ratio of the epithelial layer.

In vivo measurements of oral cavity mucosa are summarized in Figure 7. Asin the case of
in vitro tissue measurements, the use of polarized illumination/detection significantly reduces
the contribution of hemoglobin absorption to the reflectance spectra (Figure 7A, compare blue
and black curves). Since our biopsy data suggest that nuclei determine epithelial tissue
scattering, only the nucleus was used to fit the scattering profiles obtained in vivo. The mean
diameter of nuclel was an unknown parameter in Mie theory cal culations and was found to be
5 pum. A Gaussian distribution of sizeswith 1 um standard deviation was used.

The nuclear diameters of 8 um and 5 um obtained from Mie theory calculations for the
cervical biopsy and in vivo measurements, respectively, agree reasonably well with previoudy
reported value of 6.1 = 0.7 um [17] obtained from morphometric measurements of normal
sguamous cervical epithelium.
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Fig. 7. Oral cavity reflectance spectra obtained in vivo and corresponding Mie theory
calculations: (A) reflectance spectra obtained using unpolarized (blue) and polarized (black)
illumination/detection. (B) Polarized reflectance spectrum (black), calculated fit to equation
(12) (green), forward Mie component of scattering of nucleus (red), and backscattering Mie
component of nucleus (blue). Arbitrary DC offsets are added to the theoretical curvesin order
to facilitate comparison within one plot.

4. Discussion and conclusions

Results presented in Figures 6 and 7 demonstrate that polarized reflectance spectroscopy
can be used to detect the scattering properties of the epithelial layer in the presence of both a
strong diffusely scattering background and hemoglobin absorption. The resulting scattering
spectra can be described by Mie theory using nuclear szes of epithelial cells as unknown
parameters. The best fits to experimental data provide information about the nuclear size
distribution which is a key quantitative morphologic characteristic used by pathologists in
detection of pre-cancerous lesions. The approach proposed here is based on the fact that few
scattering events do not significantly alter the polarization of incident light while multiple
scattering leads to depolarization. Only few scattering events can occur in the epithelial layer,
whereas light that penetrates deeper in the tissue undergoes multiple scattering by stroma as
wel as absorption by hemoglobin.  When polarized excitation is used, the portion of the
reflectance spectrum with polarization parald to the polarization of the illumination light
consists of light scattered by epithdial cells and a diffuse background signa from stroma
which is modulated by hemoglobin absorption. At the same time the component of the
reflectance spectrum with polarization perpendicular to that of the incident light polarization
contains only the diffuse background scattering. Thus, the scattering size-dependent
characteristics of the epithdial layer can be obtained from the depolarization ratio.

Here, we demonstrate that depolarization ratio spectra can be used to extract size-
dependant periodic Mie scattering of polystyrene beads in the presence of much stronger
diffuse scattering from the substrate. Polystyrene spheres provide a good first model to study
because their sizes and refractive indices are well known and their scattering spectra are well
described by Mie theory. Comparison of scattering spectra of diluted suspensions of
polystyrene beads with their highly packed semi-regular monolayers revealed a new periodic
component which is not described by Mie theory for individua beads. We believe that this
periodicity is related to the spacing between beads in the monolayer and, thus, similar
behavior could aso be observed in other systems consisting of regular spaced scatterers.

Next, we analyzed scattering of cell suspensons whose refractive indices are much
smaller than polystyrene beads and whaose internal structure is more complex. In generd, the
exact solution for dagtic scattering of light by a cell is determined by the cell sze and the
three-dimensional digribution of refractive indices ingde the cell [19]. However, our results
show that scattering from cells can be described using a simplified model where a céll is
treated as two independent, spherical scatterers: a nucleus and a cytoplasm which are
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described using average refractive indices. It was shown that the forward scattering of cells
can be adequately described using Mie theory calculations with average refractive indices of
nucleus and cytoplasm [20-22]. However, the situation is more complicated for backward
scattering where the fluctuations of the refractive index inside cell and scattering from
organells smaller than nucleus become increasingly important [20, 21, 23]. Unfortunately,
very little information is available on these index variations and more work needs to be done
before these variations can be adequately taken into account to describe the backscattering of
cels. In our modd we also assumed that cells and nuclei are spherical objects and, thus, do
not depolarize light after a single scattering event. In fact cells are not strictly spherical. For
example, it was reported that normal squamous epithelia cervical cells have dlipsoidal shape
with major to minor axis ratio of about 1.3 [17]. In general, polarization of light can be
altered as a result of backscattering at large angles from dlipsoidal particles with the
maximum depolarization effect for ellipsoids with major to minor axis ratio of about 2 [24].
The depolarization decreases as the shape parameter approaches the value of 1 or infinity.
However, it was noted that the depolarization is very small for nonspherical particles with a
refractiveindex closeto 1 [24]. Recent polarization measurements of tissue phantoms and in
vitro tissue also indicated that the nonspherical nature of the scatters in biological tissue does
not cause major pertubation of polarization in scattering of light [7].

The scattering of cell nuclei can be directly characterized when the optical interface
between the cytoplasm and solvent is eliminated using BSA. The best fit provides refractive
indices for both the nucleus and the cytoplasm which is the surrounding medium of nuclei.
We used the refractive indices obtained from the experiment with cells in BSA solution to
describe the scattering of cellsin a pure PBS buffer where both the cytoplasm and the nucleus
contribute to the reflectance spectrum. Mie theory calculations were in good agreement with
the experimental data. This result suggests that cell suspensions in BSA solution could be
effectively used to determine refractive indices of different types of cells including cells at
different stages of cancer development.

Our interest in scattering properties of cellsin the presence of AA is driven by the fact that
AA is a commonly used contrast agent in detection of epithdia pre-cancers [18]. Our
previous results showed that addition of AA resultsin an overall increase of nuclear scattering
relative to scattering from the cytoplasm [12]. Based on this observation we assumed that
nucle arethe main scatterersin cell suspensionsin AA solution. Phase-contrast microscopic
photographs of cellsin AA suggest that the refractive index of nuclei in AA ishigher than the
refractive index of nucle in PBS (Figure 5A). Our Mie theory calculations showed that
scattering of cellsin AA solution can be described if the relative refractive index of nuclei is
increased from 1.036 (PBS) to 1.05 (AA).

Dramatic decreases in both the hemoglobin absorption and the diffuse scattering were
observed when polarized illumination/detection was used to anayze reflectance spectra of
epithelial tissue in vitro and in vivo. We demonstrate that the resulting scattering spectra can
be described using Mie theory calculations with the refractive indices derived from the
experiments with cell suspensionsin BSA and PBS solutions. Initialy, we assumed that both
the nucleus and the cytoplasm contribute to the scattering of the epithelium. However, Mie
theory calculations for a cervical biopsy showed that nuclei determine the scattering
properties of the epithelial layer (Figure 6B, compare black, green and red curves). This
result isnot unexpected because it is more adequate to treat an epithelial layer which consists
of densaly packed cdlls as a continuous medium with refractive index of the cytoplasm and
embedded nucle rather than a suspension of isolated cells. Thus, only nuclel were used to fit
polarized reflectance spectra obtained in vivo (Figure 7B). The best fits resulted in mean
diameters of nucle which are in good agreement with previoudy reported morphometric
analysis of normal epithdlial cells where the mean diameter of about 6.1 + 0.7 pum [17] were
reported. Differences in mean diameters obtained from different sets of measurements could
be attributed to individual variations from person to person.

In summary, our results suggest that the use of polarized illumination and detection allows
selective detection of the sze-dependent Mie scattering of epithelial nucle in vivo.
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Subsequent analysis of the Mie scattering component can provide information about the
nuclear size digribution and nuclear morphometry - key parameters in histopathologic
analysis of epithelium which currently can only be assessed through invasive, painful biopsy.
Further development of the proposed approach could extend the potential of optical
spectroscopic techniques for non-invasive real-time detection of epithelial neoplasiain vivo.
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